I. INTRODUCTION
Ferroelectric thin films of today are subject of high technological interest because of important applications, i.e., in electromechanical transducers, accelerometers, micropositioners, etc., and their promising use for nonvolatile memories. 1, 2 The quest for miniaturization has given a strong impetus to nanoscale investigation of the quantitative properties, polarization domain engineering, and domain dynamics. In particular, over the last decade piezoresponse force microscopy ͑PFM͒ has been proven a powerful technique for ferroelectric films characterization at a nanoscale level. 3 Although characterization with PFM has been extensively performed for Pb͑Zr, Ti͒O 3 ͑PZT͒ films, 4, 5 experimental data of nanoscale variations of physical properties of PbTiO 3 ͑PTO͒ films are still lacking. In fact, reported data on PTO films processed from modified alkoxide solution precursors showed a piezoelectric coefficient value d 33 Ϸ 65 pm/ V. 6 Moreover, the d 33 hysteresis curves gave evidence of the presence of a weak imprint, and d 33 exhibited nonlinear behavior with increasing amplitude of the applied ac electric field used in PFM. 6 Although, the observed nonlinearity was attributed to possible domain wall motion, its origin requires further investigation since detailed knowledge of the piezoelectric behavior of PTO films is necessary in applications. In addition, for epitaxially grown PTO films on MgO substrates 7 with pulsed laser deposition having also a domains ͑which were switching under the influence of external field͒, d 33 values ϳ20-80 pm/ V were reported for film thicknesses of 60-200 nm.
Furthermore, retention loss is a vital problem for nonvolatile memories applications. As reported for PZT granular films the process starts by thermal activation, eventually after a latent period, 8 at domain boundaries and proceeds via lateral expansion of the reversed portion. The latter can be fitted by a stretched exponential ϳ1 − exp͑−ct d ͒ with exponent d Ͻ 1. 9 Retention loss studies on PTO films grown by hydrothermal epitaxy show a long latent period ͑ϳ1470 h͒ after which the loss depends on the size of written domain. 8 The latter can be explained by instability of curved c + / c − domain walls due to the presence of head-on polarization. However, in the case of leakage currents the retention loss took place rather fast with a characteristic time of less than 1 h. 10 Moreover, this process was characterized by a stretched exponential with exponent d Ͼ 1, which it is clearly distinct from that related to retention loss due to grain boundary effects. 10 Therefore, in this paper we will present investigations of the nonlinear behavior for single domain PTO films ͑in absence of a domains to avoid complications due to their switching by the electric field of the PFM tip͒. Our study is performed in terms of combined PFM and transmission electron microscopy ͑TEM͒ characterization of ferroelectric domain structure and film/substrate interfaces. In addition, TEM analysis shows images of defects at the interfaces for both films and therefore we focused on functional properties by PFM. As a result the quality of the film substrate interface and its impact on the ferroelectric functionality will be explored in detail. In fact, the piezoelectric coefficient d 33 ͑which is the major functional property since the as deposited films have only c domains͒, the imprint behavior, and coercive fields will be used for comparison and appropriate evaluation of the functional properties of ferroelectric materials. In addition, special attention will be paid on retention loss characteristics in combination with any nonlinear piezoresponse and imprint effects.
II. EXPERIMENTAL PROCEDURE
The specimens under study are PbTiO 3 thin films grown by pulsed laser deposition ͑PLD͒, on ͑001͒ SrTiO 3 ͑STO͒ substrates, with an intermediate layer of SrRuO 3 ͑SRO͒ acting as bottom electrode; specifically the sample studied extensively ͑termed A1͒ is 130 nm PTO/50nm SRO/STO film, while for comparison of nanoscale piezoresponse characteristics another sample, ͑termed A2͒ 120 nm PTO/40nm SRO/on STO substrate, was used. For the structural characterization of the PTO films a JEOL 2010F TEM was employed operating at 200 kV. TEM analyses were performed in PTO cross-section samples. The specimens were mechanically thinned by cutting, grinding, polishing, dimpling, and finally ion milling using a precision ion polishing system ͑Gatan model 691͒ with 4 kV Ar + ions at an incident angle of 8°.
Furthermore, a commercial scanning probe microscope ͑Dimension 3100, Nanoscope IIIa, Veeco Instruments͒ was used for the PFM measurements. A lock-in amplifier ͑SR830, Stanford Research͒ was employed for simultaneous piezoresponse phase and amplitude ͑PR phase and PR amplitude͒ acquisition. The measurements were performed with conductive Sb doped Si tip cantilever ͑TESP-Veeco Instruments͒ with nominal spring constant 42 N/m and resonance frequency ϳ300 kHz. The tip has an initial radius of curvature R ROC ϳ 10 nm, which increases up to 50 nm after various PFM measurements due to local wear out by operating in contact mode. Typical applied contact forces were F c ϳ 0.8 N -1.2 N. These forces are sufficiently weak to avoid any significant local depolarization, but sufficiently high to ensure a proper contact to minimize electrostatic contributions on the PFM signal.
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PR phase images of domains were acquired in scanning mode, with a typical modulation ac signal frequency 5 kHz and amplitude V ac = 1.5 V. The piezoelectric constant d 33 is the longitudinal coefficient of the transposed piezoelectric tensor. If the axis normal to the sample surface is the z axis, d 33 relates the strain ͑associated to shape changes͒ and applied electric field ͑or voltage modulation signal V ac between tip and grounded sample͒ along this axis. Therefore, the measurement of d 33 was performed by ramping V ac and acquiring at each step the PR phase and PR amplitude. 12 The slope of the PR amplitude vs V ac plot gives d 33 as long as any nonlinear behavior is absent so that any offset error is excluded by the measurement. Local hysteresis loops were measured in pulse mode. After applying a dc bias pulse ͑from 0.2 to 1 s͒ and a typical waiting time of 0.1 s, PR phase and PR amplitude data were acquired simultaneously. For each bias step the V ac was ramped between 0.5 and 2.5 V ͑in steps of 0.5 V͒ and an acquisition time of 0.2 s was used to perform the d 33 measurement for each applied dc field. The pulsed voltage was cycled in both cases values ranging from Ϫ10 to +10 V. For the typical hysteresis loop measurements, the piezoresponse is defined as d 33 cos͑PR phase͒.
III. RESULTS AND DISCUSSION
PR phase imaging of the as deposited films shows a monodomain with polarization normal to the surface and upward direction ͑c + domain͒. Domains with polarization parallel to the surface ͑a domains͒ were not detected by PFM and, if present, they have a lateral size less than the tip radius ϳ10-20 nm. In addition, TEM measurements confirmed the absence of a domains. Furthermore, domain reversal was performed by applying dc bias voltages of 3.5-4 V. It was applied from the tip at a scanning speed of 1 Hz over a 1 ϫ 1 m 2 area in order to obtain a square c domain with reversed polarization ͑downward or a c − domain, Fig. 1͒ . Indeed, Fig. 1 shows retention loss measurements for more than 750 h. The figure shows that a latent period is not present and that the back-switched area can be fitted by a stretched exponential of the form A r-area ϳ 1 − exp͓−͑t / k͒ d ͔, with k a characteristic retention loss time. Indeed, A r-area is the ratio of the back-switched area and the initial area of predetermined polarization direction.
The PR phase images for calculating the back-switched area were obtained with V ac = 1.5 V, which is low enough not to enhance the retention loss. The fitting gave the exponents d = 0.75Ϯ 0.06. The effective inversion time was k = 376Ϯ 15 h. Despite differences, these values are comparable to retention loss times obtained in other studies for PTO films grown on STO ͑Nb doped͒ substrates. 8 From the results it can be inferred that the retention loss occurs by a random walk process since d Ͻ 1, which is generated by the c + / c − domain wall lateral movement. As pointed out in Ref. 13 , this is caused by the poling procedure ͑initial domain reversal͒ of the PFM tip that generates curved domains with walls not parallel to the polarization vector leading to a headto-head polarization configuration. This produces uncompensated positive charges at the curved c + / c − domain wall, since the films are not leaky ͑absence of leakage currents through the film͒ as our Conductive AFM studies indicated, 10 resulting in depolarization fields with upward direction.
A. TEM characterization and analysis
The samples analyzed by PFM were also imaged using TEM to unravel any possible disorder at the film substrate interface. Figure 2 shows a cross sectional bright field image for the A1 sample. At room temperature the PTO film has a tetragonal structure with a = b = 3.899 Å and c = 4.154 Å. 14 The SRO is a transition-metal oxide with a metallic conductivity and orthorhombic structure with lattice constants a
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= 5.567 Å, b = 5.530 Å, and c = 7.844 Å, 15, 16 which is often viewed as a tetragonal structure with a = b = 3.93 Å and c = 7.85 Å or a two-stacked pseudocubic perovskite unit cell with a = 3.93 Å. The STO has a cubic structure with lattice constant of 3.905 Å. These crystallographic data indicate the presence of misfit strain at the interfaces. The TEM images show clearly that the PTO film is completely c-axis oriented without any a domains, which was also confirmed using x-ray diffraction 17 and it is in agreement with the claim previously from our PFM studies regarding the absence of a domains.
In addition, the PTO/SRO interface shows nonuniformities. The contrast these defects generate extends up to a few monolayers away from the interface as is clearly observed in the high resolution TEM images of Fig. 3 . On the other hand, the SRO/STO interface is characterized by a sharp interface, which demonstrates a perfect coherent epitaxial matching ͑Fig. 3͒. TEM analysis of sample A2 gave also similar results. The lack of coherency between PTO and SRO films can be attributed to the existing misfit strain. The in-plane lattice mismatch between SRO and PTO at room temperature is ϳ0.9% which is larger than the one at the substrateelectrode interface of ϳ0.6%. However, it is still more likely that the origin of the defects is related to the surface condition of the SRO bottom electrode prior to the PTO film deposition. This is because the SRO surface is exposed shortly to air and stored under vacuum prior to PTO deposition. Note that with optimal surface conditions it turned out possible to grow a defect-free film. 16, 17 
B. Piezoelectric coefficient analysis
In order to gain more insight into the influence of interfaces onto the PTO film functionality, we performed detailed PFM studies. Figure 4͑a͒ films under investigation such domains were not detected as it was confirmed by TEM and x-ray diffraction. Therefore, the presence of such a kind of domain walls can be excluded as the source of the nonlinearity. For both samples the obtained piezoelectric values are comparable to the ones reported in literature ͑and obtained by PFM͒. 7 Although these values are lower than those obtained with laser interferometry, 6 they can become comparable if the clamping effect is also taken into account. 21 In fact, due to inhomogeneity of the electric field of the PFM tip, the piezoelectric deformation during PFM measurements occurs only within a small volume of the sample confined underneath the tip. Clamping of this volume by the rest of the sample results in reduced piezoelectric deformation. Moreover, Fig. 4͑a͒ indicates that the response over the c + domain in sample A1 gives initially a partial d 33 p smaller than that for the c − domain and in addition a drop occurs for V th Ϸ 4.5 V. Simultaneously the polarization changes direction since the PR phase increases by about 140°. Such a phenomenon occurred only over certain areas of the film and polarization inversion took place also for c − domains. In fact, the polarization inversion with increasing V ac has already been reported in Refs. 18 and 22. It was explained by the presence of hidden 180°domain walls below the film surface, consisting of two layers of opposite polarization. When the V ac generates a field strong enough at the wall position, it would be depinned. Given the inhomogenous field generated in the film by the PFM tip, moving towards the zone where the field is stronger, i.e., towards the tip, the domain of reverse polarization ͑close to the film/substrate interface͒ will expand through the whole film thickness. Thus, in Fig. 4͑a͒ where the inversion occurs, the bottom layer would be a c − domain, which under increasing V ac , expands until it reaches the top surface of the film. In Ref. 18 the domain wall was generated during the writing operation ͑polarization reversal͒ and the created domain did not reach the bottom of the film. In our case we have both types, i.e, inversion of a written domain and a domain in the as deposited films. Since the inversion polarization takes place only in some areas and the TEM images ͑Figs. 2 and 3͒ indicate interface disorder, it is likely that a domain wall is generated by charge trapping caused by the presence of the interface defects. In fact, in the case that the defects are located not exactly at the interface but in its proximity inside the PTO film, trapped charges can give rise to depolarizing fields of opposite direction below and above the domain wall. Therefore, the inhomogeneity due to the presence of interface defects can be a plausible explanation why the d 33 p shows different behaviors at different areas. The fact that the inversion is recorded for both c + and c − domains, it is interpreted as the result of charges of different signs trapped within defects inside the PTO film. In fact, as schematically represented in Fig. 5 , the PTO volume between defects and the interface experiences a high permanent electric field. The latter can be strong enough to influence the polarization configuration. Therefore two polarization layers are present in the as deposited film where the trapped charges are positive ͓Fig. 5͑a͔͒. In a similar manner two layers are created when reversing the polarization over an area below which negative charges are trapped in defects ͓Fig. 5͑b͔͒. As already reported in Refs. 18 and 22, increasing the ac voltage during reading could depin the domain wall resulting in expansion of the domain at the bottom of the film through the whole thickness ͓Fig. 5͑c͔͒. Note that as reported in Ref. 18 , before inversion the partial d 33 p decreases to zero since the expanding bottom layer domain responds equivalently ͑hav-ing opposite phase͒ at some V ac with the top layer. However, in our measurements the responses of the c + and c − domains do not show this behavior.
C. Hysteresis loop analysis
Finally, piezoresponse hysteresis loops, as it is shown in Fig. 6 , confirmed again the ferroelectric behavior of the films under study, while it showed pronounced imprint. Following our previous discussion about the piezoelectric coefficient d 33 , the piezoresponse that is plotted in Fig. 6 is zero, the imprint Im, if present, can be defined as Im = ͑V + + V − ͒ / 2 and the average coercive bias as V c = ͉͑V + ͉ + ͉V − ͉͒ / 2. 23 For the measurement in Fig. 6 regarding sample A1 the imprint is Im= −1 V and the coercive bias V c = 3.6 V. However, these values vary over the sample surface with Im varying from about ϳ−1.7-+ 1.5 V and V c between ϳ1.5 and 6 V. In addition, for sample A2 the hysteresis in Fig. 6 gave Im= −0.63 V and coercive bias V c = 4.9 V. For this sample, the imprint Im varies in the range ϳ−1.6-+ 0.5 V over the film surface and V c between ϳ3.5 and 4.9 V. The imprint Im is comparable to imprint values of ϳ1 V for PTO films in former studies. 24 It can be explained by the different work functions of the bottom SRO electrode and of the Si doped PFM tip acting as top electrode 25, 26 and/or by the presence of a depolarizing field caused by charge redistribution due to interface disorder ͑Figs. 2 and 3͒. The obtained parameters from the hysteresis loops indicate that the films have significant ferroelectric properties, however, with significant variation at nanoscales.
IV. CONCLUSIONS
We studied the functionality of PTO samples grown by PLD on SRO electrodes by means of combined TEM and PFM techniques. The TEM images show the presence of defects at the electrode/film interface and confirm the absence of a domains. The presence of defects influences retention, homogeneity of piezoelectric characteristics over the surface, and it could be a competing factor in the polarization inversion under increasing modulation amplitude V ac during PFM measurements of the d 33 coefficient. An important finding in our work is that the nonlinearity in the PR amplitude vs V ac cannot be attributed to 90°domain walls movement as it was indicated in former studies, since this type of walls was absent in the studied PTO films. 27 Retention longer than 1 month was shown with a loss prompted by c + / c − domain wall movement. The obtained d 33 values of 30-40 pm/V were comparable to values reported in literature. Finally, as a reasonable statement concerning the film functionality, we can infer that they possess useful ferroelectric properties despite the nanoscale variation of d 33 over the film surface and the relatively weak imprint found by hysteresis measurements. FIG. 5 . Diagram of the domain configuration in the film. ͑a͒ The as-grown film surface shows a c + monodomain independent of defects close to the bottom electrode. In this case three different volumes are represented from left to right: volume with positive defect charges, volume without defects, and volume with negative defect charges. In ͑b͒ the polarization is reverted in the volume with negative charges. As a result two layers of polarization configurations are present within the volume with negative defects. If we scan the surface with increasing modulation voltage as in ͑c͒, the latter triggers polarization back switching by expansion of the bottom polarization layer. 
